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Abstract 
Applicability assessment of magnetic plates systems in milling evaluates quickly and economically the advantages of the use of 
such equipment in machining operations. Easily determine whether a given operation can be performed in a specific magnetic 
table requires prior knowledge of the limits of the equipment and of the forces generated in the cutting process. This article 
determines necessary tools to feed a system of evaluation of applicability based on the relationship between stresses and reactions 
of the magnetic plate. The content focuses on the development of a behavioral model of forces in milling and a methodology for 
characterization of magnetic chucks. 
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1. Introduction   
 
The importance of studying the clamping system in milling operations is evident when the time distribution in 
milling is studied: According to Sandvik Coromant, up to 20% of the time is devoted to loading / unloading and 
setting of the pieces on the clamping system, identical percentage that occupies the actual machining time. 
Consequently, improvements in machining processes are equally effective whether it acts on the chip removal itself 
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as on the clamping system. A brief classification for clamping systems, according to the method of restraint used [1] 
can be done. Thus, those called conventional method employ a purely mechanical holding while unconventional rely 
on other processes such as the generation of magnetic fields, use of adhesive or vacuum. 
The requirements imposed by technological and social constraints on the production process generated a series of 
demands on it: production flexibility, quickly adaption to the demand processes, different morphologies and sizes of 
the piece, reduction of tooling outfit, sustainability, etc. Nowadays, current techniques of conventional clamping are 
not a suitable method for the future since they present a number of drawbacks, such as reduced accuracy due to 
elastic deformation of the parts, less adaptability to complex shapes, high costs of specific tools for each operation, 
etc. 
The objective of this research is to develop a methodology to characterize the magnetic plates and a model for 
machining forces that can feed a system of prediction, which will be developed later. This methodology allows to 
predict the applicability of these equipment without experimentation or exposed to failure of the clamping device. 
Thus, this will make possible to access in a quick and low cost way to all the advantages that this type of system 
involves: Improved accessibility, flexibility [2], tools fixing reduction, reduced setup times / charge / discharge [2], 
higher accuracy ([3, 4], more stable clamping forces, etc 
The development of a system to determine the applicability of magnetic tables involves a model of the forces 
associated with the cutting process and a methodology for the characterization of the magnetic plates. A review and 
analysis of the existing prediction models forces has been done to determine which is the most suitable for this 
work: 
1. In reference to the characterization models tables; in this review, a description of the methodologies employed 
by other authors is analysed whether any of them is applicable to this investigation. In those papers [5, 6, 7, 8], 
an economical versatile and quick methodology for the characterization of the magnetic plates has already been 
developed and includes the influence of any variable that affects the maximum load supported by the magnetic 
plates. This maximum solicitation corresponds to the highest force that can be applied on a piece clamped to 
the magnetic plate with an stated roughness surface and in a parallel direction to the surface of the plate. 
2. Also, a review of the different models of forces during machining was performed in order to determine an 
appropriate model to this research. 
 
2. Current State of Art 
 
To develop a system to evaluate the applicability of the magnetic plates requires a pre-stage analysis of the state 
of art. This review determines how it has made the approach to modelling tables and magnetic forces during 
machining by other authors. 
 
2.1. Magnetic chuck model 
 
There is significant work done by Felix-Melkote [1, 2] which makes a comparison of two methods of modelling 
of magnetic chucks. Although these works are ultimately intended to justify the industrial use of the magnetic tables, 
none defines a model that allows building a system to evaluate the applicability of magnetic clamping systems. In 
our case it was decided to use experimental methods which involve measuring directly on the magnetic plate the 
force applied on the workpiece at the slippage instant. 
 
2.2. Milling forces model 
 
There are models of different complexity that sometimes fail to provide relevant information for the identification 
of the point of system failure. Therefore, it was decided to incorporate a model of forces only as a starting point to 
achieve a system of evaluation, which subsequently may incorporate more complex aspects. The evaluation of 
different models of cutting forces concludes in using mechanistic models used also by large manufacturers of cutting 
tools. This approach allows the use of some parameters registered in databases from experimentation, resulting in a 
significant saving of time and money in experimentation-validation. One rule that has been strictly followed in the 
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development of this model is to determine the necessary variables in a quick and reliably way without resorting to 
experimentation. In reference to this, a methodology for the acquisition of such magnitudes, that uses databases 
from real machining tests, was developed using a simulation software, in this case Production Module of Third 
Wave Systems Company. 
 
To establish the failure criterion is necessary to define the forces associated to the metal removal process and the 
corresponding reference system (Figure 1). To simplify the study only the forces acting in the parallel plane to the 
surface being machined were considered. Thus defined: 
	୲ǡTangencial Force: In the same direction than the cutting speed. 
	୰, Radial Force: This force has the direction of the radius which is in contact with the tooth in cut. Precisely, the 
direction points inside the circle which represents the tool. 
Ʌ, Instantaneous position of the cutting edge. 
 
3. Development of tools 
 
3.1. Magnetic chuck model 
 
For modelling the magnetic table an analogous methodology used by Felix-Melkote was apply. In our case we 
use lower cost technologies and open source development platforms on which they have added additional features to 
improve the characterization process. The system consists of three components: data acquisition, signal conditioning 
and data processing.  
The elements were used to measure the applied force and the displacement of the workpiece on the magnetic 
plate, so it was possible to identify the moment of sliding due to excessive force. The data acquisition was 
performed using cell load model RTC-750, also used by Saito et al. and Felix-Melkote. Finally, the registration of 
the position of the part is performed using a Mitutoyo dial indicator ID-C1012B (Model 543-270B) with Digimatic 
protocol.  
In the conditioning stage the following electronic circuit was used to perform the signal conditioning. In addition, 
an Arduino Mega board and a Python script were used to complete the treatment, as it’s shown in Figures 2. 
 
Fig. 1. Definition of the coordinate axes for the proposed model. 
 
Fig. 2. Connection of the load cell. 
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3.2. Milling forces model 
 
To develop this model we worked on the basis of "Instantaneous Force Models", a mechanistic or semi-empirical 
nature method. For its development some methodologies used by various researchers during the second half of the 
twentieth century have been Incorporated, whose main references are Koenigsberger and Sabberwal [9] and Tlusty 
and MacNeil [10]. The first one studied the relationship between the cutting forces and instant cross section of the 
chip (ܣ଴). This dependence is modelled through an empirical coefficient called specific cutting pressure (ܭ௧ሻ, that 
depends on: workpiece material, rake angle (ᖤ଴) and instantaneous thickness undeformed chip (݄).  
 
ܨ௧ ൌ ܭ௧ ή ଴ ൌ ܭ௧ ή ൫݄ ή ܽ௣൯ሺͳሻ 
 
Where ܽ௣ is the axial depth of cut. 
To calculate the radial force (ܨ௥) we rely on the methodology used by Tlusty and MacNeil [10] who proposed to 
calculate this from the ܨ௧ as a coefficient of proportionalityܭ௥ , defined as follows: 
 
ܭ௥ ൌ
ܨ௥
ܨ௧ ሺʹሻ 
 
Thus, the cutting forces are perfectly defined and decomposed in a radial and tangential, i.e. parallel and 
perpendicular to the cutting edge axis.  
 
ܨ௧ ൌ ܭ௧ ή ൫݄ ή ܽ௣൯ሺͳሻ 
ܨ௥ ൌ ܭ௥ ή ܨ௧ ൌ ܭ௥ ή ൣܭ௧ ή ൫݄ ή ܽ௣൯൧ሺ͵ሻ 
 
For the modelling of the radial force is necessary to incorporate two more contributions. Kline et al. [11] assume 
specific cutting pressure (Kt) and the coefficient (Kr) as a function of feed per tooth (f_z). In our case, we chose a 
formulation based on the modelling of Altintas and Spence [12], which defines the above coefficients as a function 
of the average undeformed chip thickness () instead of feed per tooth ሺ୸ሻ. This allows us to approach to the 
methodology used by Sandvik and therefore also allows the use of specific cutting pressures and ୲ tabulated and 
contrasted with the experience. The formulation of the constants for calculation of forces, being ୲and ୲ dependent 
and tabulated coefficients of the material, is as follows: 
 
ܭ௧ ൌ ܥ௧ ή ሺ݄ሻ௣೟ ؆ ܥ௧ ή ሺ݄௠ሻ௣೟ሺͶሻ 
ܭ௥ ൌ ܨ௥ ܨ௧ൗ ؆ ݂ሺ݄௠ሻሺͷሻ 
 
So finally a characterization of forces is obtained by: 
 
ܨ௧ ൌ ܭ௧ ή ݄ ή ܾ ൌ ܥ௧ ή ሺ݄௠ሻଵା௣೟ ή ሺ௭ ሺߠሻሻ ή ܽ௣ሺ͸ሻ 
ܨ௥ ൌ ܭ௥ ή ܨ௧ሺʹሻ 
3.3. Obtaining the constants  
The work is now focused on calculating the constant ࡯࢚ , depending of the material of the workpiece and 
calculateࡷ࢚, whose magnitude reflects the influence of cutting conditions on the cutting force. In addition it is also 
needed to define the equation to find out the value of ࡷ࢘ for this material. Initially, both variables are unknown, 
although if we compare the expression of ࡷ࢚ with the one Sandvik [3] uses, we can find the similarities shown 
in the following table: 
423 J. Cantano et al. /  Procedia Engineering  132 ( 2015 )  419 – 426 
 
Table 1. Comparison proposed model vs model Sandvik 
 Proposed Model Sandvik Model 
Equation ୲ ؆ ୲ ή ሺ୫ሻ୮౪ ୡ ൌ ୡଵ ή ୫ି୫ౙ ή ሺͳ െ
ɀ଴
ͳͲͲሻ 
Exponents ୲ ؆ െͲǤ͵ ୡ ؆ ͲǤʹͷ 
Coefficients ୲ dependent on the material ୡଵ dependent on the material 
Corrections 
Koenigsberger and Sabberwal show a dependent of ୲ 
with the undeformed chip thinkness (h) and the rake 
angle (ɣ). 
Proportional correction rake angleሺᖤ଴ሻ. 
 
As noted, it is possible to draw on the experience of Sandvik to determine the specific cutting pressure, ܭ௧. The 
tangential cutting force can be calculated at each instant of cuttingሺࣂ) according to the equation: 
 
ܨ௧ ൌ ܭ௧ ή ݄ ή ܽ௣ ൌ ܭ௧ ή ݄ ή ܽ௣ ൌ ݇௖ଵ ή ݄ି௠೎ ή ቀͳ െ
ߛ଴
ͳͲͲቁ ݄௜ ή ܽ௣ ൌ ݇௖ଵ ή ݄
ଵି௠೎ ή ቀͳ െ ߛ଴ͳͲͲቁ ή ܽ௣ሺ͹ሻ 
 
Defining ܭோ as the position of the tool insert, the undeformed chip thickness can be calculated as: 
 
݄ ൌ ௭݂ ሺܭோሻ ሺߠሻሺͺሻ 
 
Considering the constant ܭ௥  dependent of average chip thickness for a given material:  
 
ܭ௥ ൌ ܥ௥ ή ሺ݄௠ሻ௣ೝሺͻሻ 
 
According Altintas and Spence [12] and Kline et al. [11] ܭ௥depends on two constants ܥ௥ and ݌௥  that also depend 
on the workpiece material and cutting conditions (݄௠). In this caseܥ௥ is not available as it happens withܥ௧, so it 
should be determined experimentally for each target material. However, simulation tools are available and can 
provide this data and establish a correlationship between ሺ૛ሻ and the average thickness ݄௠ of chip. In this case we 
use the Production Module 3D software to tabulate the aforementioned relation to different ௭݂ (0.1 to 0.2 mm / rev) 
and different axial depth (ܽ௣ = 1mm and 2mm). The results are shown below: 
 
 
 
0,52
0,54
0,56
0,58
0,6
0,62
0,64
0,66
Kr
(h
m
) 
hm 
Kr(hm)=Fr/Ft : fz(0.1, 0.2)) 
Kr=Fr/Ft  (ap=1 mm) Kr=Fr/Ft  (ap=2 mm)
Fig. 3. Evolution of Kr with the average chip thickness to axial depth 1mm 
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Radial force grows linearly with the axial depth of cut (ܽ௣), this is, with the width of the chip; while its relation to 
the average chip thickness (݄௠) has the shape that data register. Finally, the radial force at any instant is defined as: 
 
ܨ௥ ൌ ܭ௥ሺ݄௠ሻ ή ܨ௧ሺͳͲሻ 
 
Where ܭ௥ሺ݄௠ሻ shows the expression ܭ௥  based on the average chip thickness for a given material previously 
simulated with the software. 
 
4. Methodology 
 
By the above described process modelling of the cutting process and the magnetic plate could be done. After that, 
a stage of applicability assessment models of the clamping system was carried out, consisting of a series of 
methodologies that integrate models of magnetic characterization tables and machining processes. Through these, 
the relationship between the stresses to which it is subjected to magnetic table as a result of machining and its limits, 
as characterized above are set. Knowledge of the mode of interaction between stressors and reactions allows to 
define the failure criteria of the clamping system from cutting conditions, the magnetic plate, the material and 
surface status. Having defined this model, we proceed to joining validation stage. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Raw material position on the plate. 
The validation of this integrated model of prediction consist in machining central grooves with different axial 
depths and feeds on workpieces of AISI D2 material tempered to 50HRC. These pieces are anchored on central 
quadrants of a 404UMK6 Tecnomagnete magnetic plate as Figure 4 shows, so that the magnetic flux distribution, 
and therefore strength, is as uniform as possible.  
  
Other variables also monitored during the testing are the following: 
x State of the workpiece surface, yet despite being well characterized for modelling the maximum force that 
supports the magnetic table, the contact interface is polished to ୟ ൌ ͲǤͲͲͲ͸ͳ͹ͻ͸.  x State of the magnetic plate surface ୟ ൌ ͲǤͲͲͲͶͳʹ. x Thickness of the workpiece is enough to contain all the magnetic flux. For alloy steel, according to the 
manufacturer, a minimum of 12 mm is required 
x Limitation of the feed of the tool during entrance to the workpiece to prevent the forced vibration.  
x Face mil Sandvik R282.2-100 and inserts Sandvik TPKN 22 04 PD R 4230.  
5. Results and Discussion 
 
Tests show that the fault model successfully characterized the instabilities caused by situations close to the limit 
of the magnetic plate. Vertical axis indicates torque. 
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Fig. 5. Evolution of  depending on the cutting conditions 
First, an upper limit to the stresses to which it is subjected to the plate without any instability in the clamping, 
symbolized by the horizontal line, "Mechanical stress limit" is defined. The actual stress created by the cutting 
process on the magnetic plate is called "Mechanical Stress" and depended on cutting conditions (contained in the 
horizontal axis as ܽ௣ and ௭݂). Based on these concepts a safety factor is defined: 
 
݂݀ݏ ൌ ܯ݄݈݁ܿܽ݊݅ܿܽݏݐݎ݁ݏݏܯ݄݈݁ܿܽ݊݅ܿܽݏݐݎ݁ݏݏ݈݅݉݅ݐ ൌ
ܣܿݐݑ݈ܽݏݐݎ݁ݏݏ
ܵݐݎ݁ݏݏ݈݅݉݅ݐ  ሺͳͳሻ 
 
As the stress approaches the limit imposed, ݂݀ݏ decreases, approaching unity. Experiments have shown that there 
are three zones of operation of the system: 
 
x ds>1.2-1.3: Stable, appropriate behaviour for machining 
x 1<ds<1.2: vibration appears poor quality surface 
x ds<1: Blockage of the spindle and total failure of the system. 
 
6. Future Work 
 
Establish correlations for maximum strength depending on the surface condition and size of the piece for a 
particular material. Them the maximum strength that the magnetic plate is capable of supporting for a piece of any 
size and surface condition can be calculated from a measure of the maximum force on a reference piece of known 
size and surface finish. Furthermore, it is also intended to carry out validation experiences with other milling 
operations to validate the failure criterion of the clamping system. 
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[CELLRANGE] 
[CELLRANGE] 
[CELLRANGE] 
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2
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7. Conclusions 
 
A system for characterization of magnetic plates and a milling force mechanistic model has been developed. In 
addition to the previous contributions, a methodology for calculating specific cutting pressures from experimental 
data and Production Module software simulations, of Third Wave Co. This both created systems allow to create an 
integrator system to predict the applicability of the magnetic clamping system without the need of any 
experimentation and can be applied to different materials, processes or types of plate. Subsequently, a validation 
phase was carried out in order to verify the accuracy of the whole methodology. 
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